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PREFACE

This Note describes the findings of the Automation and Robotics panel, one of eight

project panels established by RAND to evaluate submissions to the Space Exploration

Initiative (SEI) Outreach Program, also called Project Outreach. Project Outreach is a

NASA-sponsored program to elicit innovative ideas, concepts, and technologies for space

exploration. The project was sponsored by Project AIR FORCE and by RAND's Domestic

Research Division, with technical oversight provided by the Assistant Secretary of the Air

Force (Space).

The findings of other RAND panels are reported in the publications listed below.

Space and Surface Power for the Space Exploration Initiative: Results from Project Outreach,

C. Shipbaugh, K Solomon, M. Juncosa, with D. Gonzales, T. Bauer, and R. Salter, N-3280-

AF/NASA, 1991.

Space Transportation Systems, Launch Systems, and Propulsion for the Space Exploration

Initiative: Results from Project Outreach, T. Garber, J. Hiland, D. Orletsky, B. Augenstein,

and M. Miller, N-3283-AF/NASA, 1991.

Human Support Issues and Systems for the Space Exploration Initiative: Results from Project

Outreach, J. Aroesty, R. Zimmerman, and J. Logan, N-3287-AF/NASA, 1991.
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SUMMARY

BACKGROUND

President Bush stated his objectives for a Space Exploration Initiative (SEI) on July

20, 1989. He called for a program that includes establishing a permanent outpost on the

Moon and sending a manned mission to Mars. In response to the President's announcement,

NASA conducted a 90-day study that presented a variety of strategies for accomplishing

those objectives.

Subsequently, Vice President Quayle, Chairman of The National Space Council, asked

NASA to take the lead in identifying new and innovative approaches for traveling to the

Moon and Mars and for living and working on both. Accordingly, NASA solicited ideas

through the SEI Outreach Program, which had three principal components:

1. Direct solicitation of ideas from academic institutions, private enterprise and the

general public.

2. Reviews of federally sponsored research.

3. A study by the American Institute of Aeronautics and Astronautics (AIAA).

NASA asked RAND to evaluate the results of the direct solicitation effort and provide

that evaluation to the Synthesis Group chaired by Thomas P. Stafford, Lieutenant General,

USAF (ret.). The results from the review of federally sponsored research and the AIAA study

will also be available to the Synthesis Group. The Synthesis Group will make a further

evaluation and synthesize at least two distinctively different SEI architectures and will

submit its recommendations to NASA and The National Space Council.

A total of 52 submissions were received in the Automation and Robotics (A&R) area

during Project Outreach. About half of the submissions (24) contained concepts that werc

judged to have high utility for the Space Exploration Initiative (SEI) and were analyzed

further by the robotics panel. These 24 submissions are discussed and analyzed in this Note.

Three types of robots were proposed in the high-scoring submissions: st-uctured-task

robots (STRs), teleoperated robots (TORs), and surface exploration robots. Several advanced

TOR control interface technologies were proposed in the submissions. Many A&R concepts or

potential standards were presented or alluded to by the submitters, but few specific

technologies or systems were suggested.
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RECOMMENDATIONS

Review of the submissions and further research in A&R issues has led the Project

Outreach A&R panel to make the following observations and to submit the following

recommendations for consideration by the Synthesis Group:

* Systematically integrate SEi robots, work environments, and systems.

* Develop structured-task robots for SE.

* Adapt and develop advanced TOR control interfaces that enable telepresence.

* Evaluate the architectural implications of using TOR telepresence control in SEL

* Reevaluate and harmonize early SEi remote sensing data collection requirements

with later SEi robotic mission requirements.

* Conduct tradeoff studies to select optimum mobility and navigational subsystems

for SEi surface exploration robots. Teams of complementary exploration robots

should be considered in these tradeoff analyses.

* Conduct tradeoff studies to determine the most cost-effective and productive

development path towards autonomous robots.

* Review NASA's evaluations of A&R effort for Space Station Freedom.

Below we discuss these recommendations in more detail.

Integrate SEI Robots, Work Environments, and Systems

Most human work environments can be unstructured because humans can easily and

rapidly adjust to unanticipated changes or events in their environment. Such human

adaptability and flexibility result from our sophisticated sensing, planning, navigation, and

movement skills. The current state of the art in robotics cannot provide systems that

faithfully mimic these human capabilities; thus, SEi work environments in space and on the

surface of the Moon or Mars must be carefully designed with the current limits of robotics in

mind. SEi robot end-effectors should all be designed and manufactured to a limited set of

end-effector design rules, so different robots can use the same end-effectors for several

manipulation tasks. And SEi components should be designed in a complementary fashion so

they can be manipulated efficiently by robots using such standardized end-effectors.

A critical area being ignored in the United States, but under consideration in Japan, is

the development of space facilities that make extensive use of robots in their normal

sequence of assembly, maintenance, and repair. Robots are still viewed in the United States
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as gadgets or tools that are added to a structure to be constructed and maintained primarily

by people. Extensive design exploration and demonstration efforts should be initiated to

provide the United States with options for space and planetary systems that are primarily

constructed, maintained, and repaired by robots. This theme was mentioned only

tangentially in the Outreach submissions but has emerged as a critical recommendation from

the A&R panel's own analysis.

Perhaps the most important issue involved in systemically integrating SEI robots,

work environments, and systems is capturing and maintaining configuration control over

SEI system designs. Detailed engineering design data should be captured in a common

digital format and made portable so that it can be used by different system contractors

during design and manufacturing and by robots in space during assembly and repair

operations. Automated capture of SEI systems designs has been made possible with the

advent of integrated Computer Aided Design/Computer Aided Manufacturing (CAD/CAM)

tools. Transportability of CAD/CAM files is also being improved with the introduction of

commercial standards such as the emerging Electronic Data Interchange Format (EDIF)

CAD/CAM standard [Ref. 11. NASA should monitor the development and use of CAD/CAM

tools and standards in the semiconductor and other industries and adapt these increasingly

powerful design tools to SEI systems and robots.

Develop Structured Task Robots for SEI
The most productive robots on Earth are STRs. They have transformed the Japanese

auto and semiconductor industries. Now the Japanese install as many robots every year as

exist in the entire U.S. industrial base [Refs. 2, 31. Even more productive robots will be

needed for SEI if the President's ambitious mission goals are to be met within the specified

time frame and within future budget constraints.

Much further research into the use of STRs in space is required. The work

recommended in submission #100378 should be greatly expanded for SEI. Assembly tasks

should be made easy and modular, enabling STRs to be used wherever feasible at

extraterrestrial operations nodes.

Review of the submissions and this panel's research and inquiries indicate that NASA

A&R research and development activities may be too tightly focused on expensive one-of-a-

kind high-technology developments like the Flight Telerobotic Servicer (FTS).1 It is

nevertheless unfortunate that the FTS program has recently been cancelled. While the FTS

1The FTS program has recently been downgraded from a full development program to a
technology demonstration project.
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program is a necessary and ambitious technology demonstration project, SEI funds should

also be allocated towards development of STR work environments and STRs for specific SEI

applications. These activities can help revive the moribund U.S. commercial robotics

industry and will also provide a natural "upstream" technology base for the eventual

colonization and industrialization of the Moon.

Adapt and Develop Advanced TOR Control Interfaces

Submissions #100695, #100338, #101469, #100827, #100336, #101317, and others

propose that TORs be used for many SEI assembly, processing, repair, and exploration tasks.

Because TORs can be remotely controlled by humans, they can operate in unstructured

environments and are more flexible and adaptable than STRs. They also require much less

complex real-time software than autonomous robots. As a consequence of this, a variety of

TORs have been developed for commercial and space applications, while autonomous robots

have yet to be realized. However, most TORs available today are cumbersome to operate and

typically perform manipulation tasks much slower than humans. For example, it is

estimated that the FTS in its initial configuration will perform manipulation tasks in space

at a significantly slower rate than a well-trained astronaut in an extra vehicular activity

(EVA) spacesuit. The performance limitations of current TORs have therefore prompted

researchers to develop new TOR control interfaces to improve TOR productivity.

NASA researchers were among the first to develop new and innovative display and

interactive computer control technologies, such as "eye phones" and "power gloves," which

offer tremendous promise as TOR control interfaces. Now commercial companies, both in the

United States and Japan, are racing to refine and extend these technologies for many

different consumer, scientific, and business products. In addition, HDTV, high-resolution

flat-panel displays, and new three-dimensional display volume systems are being developed.

The leading edge of development for these technologies is now being pushed faster and

harder in the commercial world. NASA needs to keep abreast of these new developments,

test new systems for TOR control, and integrate those that demonstrate their worth into

future TOR systems, such as the FTS. These new technologies will allow NASA astronauts

and the general public alike to experience SEI missions first-hand through telepresence. 2

2Telepresence can be briefly defined as the creation for the individual user of a realistic,
detailed, and complete artificial sensorium which "tricks" the user into believing he or she is present at
a remote location. Computer and TOR control interfaces which exhibit telepresence have been called
virtual environments, artificial realities, or cyberspaces by researchers, futurists, and science fiction
writers.
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New commercial speech synthesis and recognition products also are poised to enter the

marketplace. NASA should monitor these developments so these capabilities can be quickly

and cost-effectively integrated into new TOR control interfaces.

Emerging TOR control technologies and advances in computer simulation may also

permit development of radically new control interfaces that promise great increase in TOR

operator productivity and the effective radius of TOR control from thousands to millions of

kilometers. Many Project Outreach submissions suggested development of advanced TOR

control interfaces capable of telepresence. One submission in particular (#100317) described

in broad conceptual terms the enormous potential benefits of using these new technologies

for TOR control.

NASA needs to study these emerging technologies to see how they can best be used to

control TORs and to see if they lead to new strategies for obtaining higher forms of machine

autonomy.

Evaluate the Architectural Implications of TOR Telepresence Control

TORs may be used extensively in many phases of SEI operations. A significant

amount of TOR coordination, mission planning, and real-time retasking will be required,

especially for complex and TOR-intensive operations like assembly of Mars Transfer Vehicles

(MTVs) or lunar base construction. If telepresence technology is used for TOR control, even

more coordination may be necessary because TOR operators will be sensorially centered at

the remote site where their TORs operate and not at their control stations.

By making analogies to certain military operations and practices, it is conjectured that

TOR Command, Control, and Communications (C3) centers will be required to efficiently and

safely perform TOR supervision, coordination, and task planning. Depending upon the

sophistication of TOR control available in the time frame of SEI, TOR C3 centers may be

required a' each major extraterrestrial SEI operations center. Although different

terminology is used by the author, submission #100337 suggests development of such TOR

C3 centers.

TOR command and control manpower, power, habitat, and communications

requirements must be studied by NASA and included in future SEI architecture studies. The

most significant implication of the widespread use of TORs and the incorporation of

telepresence control in SEI is the greatly increased communications burden SEI space

networks may have to support. If one conjectures that HDTV-like display devices are used

for stereoscopic control of each TOR, then approximately two HDTV channels will have to be
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supplied for every TOR controlled from a distant location. 3 New developments in image

compression and distributed simulation technologies will be required to reduce TOR

command and control communications requirements and make SEI TOR telepresence control

a reality. NASA should carefully monitor developments in these areas.4

Deepen SEI Robot Mission Planning

As the SEI program proceeds over the next quarter-century, SEI operations will

increase in scope and complexity. Succeeding generations of SEI robots will depend upon

and exploit data collected from previous SEI and NASA missions. Data collection

requirements on early missions should therefore be carefully determined with later SEI

mission needs in mind. Synergies may exist between early SEI data collection efforts and

later exploratory, construction, or resource extraction missions. If high-resolution data are

collected on early exploratory missions, they may prove useful for many purposes and could

reduce the cost and complexity of follow-on robotic systems, such as lunar rovers or base-

construction robots. For example, as pointed out in submission #101067, the size and cost of

lunar rovers could be reduced if data collected in early lunar remote sensing missions could

be used to determine lunar rover "road networks" free of obstacles larger than 0.1 m. In

addition, such data collection efforts would provide scientists and prospectors with an

unprecedented geologic record of the lunar and perhaps Martian surfaces.

High resolution imaging (0.1 m) of the Moon is feasible and could be carried out at a

number of wavelengths. NASA should examine innovations in new sensor technologies and

small satellite developments (Lightsats) to see if Lunar Observer or Martian Observer

spacecraft should be augmented by new lightweight remote sensing systems that could not

only provide higher resolution optical imagery but could also image permanently dark craters

near the lunar poles [Ref. 5].

3The FTS vision subsystem is composed of four ordinary (NTSC) video cameras: two
anthropomorphically positioned on the robot's "head' and the other two placed at the wrist of each of
the FTS's two robot arms [Ref. 4]. Some SEI TORs may also require more than two video channels even
if high resolution imaging systems, such as HDTV, are used. Further TOR vision and control research
is needed to answer these questions.

4 The wany other technologies beside high resolution image displays required for development of
TOR telepresence control are described in detail in the body of this Note. However, the requirement to
transmit high resolution imagery from the robot to the TOR controller places the greatest burden on
the intermediate communications network. High resolution imagery is an essential component of
telepresence, as it helps to embed the TOR controller in a realistic artificial sensorium.



-xi-

Surface Exploration Robots

A number of surface exploration robots have been proposed in various Project

Outreach submissions to perform exploration tasks over various types of terrain

(submissions #100336, #101067, #100815, #100337, #101325, #100339, and #100343). They

can be grouped according to the mobility and navigation concepts they employ. Tradeoff

studies need to be conducted comparing various mobility and navigation concepts to select

those that could best fulfill SEI mission objectives. Submission #100343 proposes that robot

teams be used to explore the Martian and lunar surface. Such a team may offer more terrain

flexibility and may be more cost-effective than employing a small number of identically

configured multipurpose rovers.

Transition to Autonomous Robots

One key SEI robotics programmatic issue over the next twenty years will be the

schedule development risk for semi-autonomous or autonomous robots. Versatile

autonomous robots capable of operating in unstructured SEI environments (an unprepared

planetary surface, or free-flying LEO) will require many sophisticated capabilities. These

capabilities require development of large, error-free, software codes and, as with all software

development, the risk must be considered high. Initial operating capability (IOC) dates for

autonomous robots cannot be predicted and may not be achievable without an enormous

investment in software development infrastructure.

Long-term tradeoff studies need to be performed by NASA and updated annually or

biannually to determine the most cost-effective and technically feasible long-term

autonomous robot development plan and to determine the balance between TOR and

autonomous robot research and development. In addition, such assessments could also be

used to determine which key subsystem technologies must be targeted for further

development. If current technology trends continue, TORs equipped with telepresence

control interfaces and limited forms of autonomy will prove to be the preferred development

path.

Several submissions (#100342, #100345, #100348, #100442, and #100333) recommend

that in order to develop autonomous robots, NASA should adapt or develop emerging

artificial intelligence technologies, autonomous navigation software, and new modular robot

control and software standards such as the NASA/NBS Standard Reference Model

(NASREM) and the USAF Next Generation Controller Project for a Standard Open System

Architecture Specification (SOSAS). While these standards are rather general in nature at
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this time, NASA can certainly profit from examination of these systems. With regard to

development of advanced software products such as expert systems, a careful examination by

NASA of the associated software development risks will be needed.

Review NASA's Evaluation of A&R Effort for Space Station Freedom

The United States space program would be impossible without a level of automation

and robotics that reflects, to some extent, the general state of the art. However, over the past

twenty years, the dominant role of military and NASA agencies in A&R research and

development has been sharply reduced while the role of commercial industry has increased

proportionally. A major challenge to NASA is simply maintaining an awareness of A&R

advances and how these technologies are being used in new ways in the commercial world

(use of CAD/CAM tools in the semiconductor industry is one example). Implementation of

evolving A&R technologies is an enormous challenge to the agency. At the dirertion of

Congress, NASA has conducted a continual review of the implementa.... -fA&R within the

Space Station Freedom. A&R implementation efforts have been reviewed approximately

every six months since 1985 [Refs. 6-15]. We recommend that the Synthesis committee

review NASA's evaluations of the Space Station Freedom effort to see how advanced A&R

could be incorporated into SEI. Such a review will reveal the many difficulties, both human

and technological, that lie ahead and, at the same time, the great motivations for pressing

ahead.
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I. INTRODUCTION

This Note describes the results of RAND's management of the direct solicitation

component of the Space Exploration Initiative (SEI) Outreach Program, a program designed

to solicit creative ideas from academia, research institutions, private enterprise, and the

general public to help in defining promising technical areas and program paths for more

detailed study. In addition to managing and evaluating the responses or submissions to this

public outreach program, RAND conducted its own analysis and evaluation relevant to SEI

mission concepts, systems, and technologies. The screening and analysis of Outreach

submissions was conducted between July and October 1990, and involved staff and

consultants throughout RAND's departments and research divisions.

Eight panels were created to screen and analyze the submissions. These panels

encompassed:

* Space and Surface Power

* Space Transportation Systems, Launch Systems, and Propulsion

• Automation and Robotics

* Human Support

* Structures, Materials, Mechanical Systems, and In-Situ Processing

* Communications

• Information Systems

* Architp.ctures and Missions

This Introduction describes the overall methodology used in submission handling and

analysis, as well as some general results and observations. The body of the Note contains the

analyses and evaluations of the Automation and Robotics panel.

BACKGROUND

President Bush has called for a Space Exploration Initiative that includes establishing

a permanent base on the Moon and sending a manned mission to Mars. The national space

policy goals dkvm-loped by the National Space Council and approved by President Bush on

November 2, 1989, were the following:

* Strengthen the security of the United States;

* Obtain scientific, technological, and economic benefits;
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* Encourage private sector investment;

* Promote international cooperative activities;

* Maintain freedom of space for all activities;

* Expand human presence and activity beyond Earth orbit into the solar system.

To support these goals, Vice President Quayle, Chairman of the National Space

Council, has asked NASA to take the lead in identifying new and innovative approaches that

will be required to travel to the Moon and Mars and to live and work productively on both

worlds. Accordingly, NASA has begun to solicit new ideas and concepts for space exploration

that will define promising mission paths for detailed study. The SEI Outreach Program has

three principal components:

1. Direct solicitation of ideas from academia, nonprofit organizations, for-profit

firms, and the general public.

2. Reviews of federally sponsored research.

3. A study by the American Institute of Aeronautics and Astronautics (AIAA).

The results of the three efforts listed above will be presented to a Synthesis Group

chaired by Thomas P. Stafford, Lieutenant General USAF (ret.). The Synthesis Group

received a number of ideas from various sources, collected additional information, and

conducted detailed analysis. This process resulted in a synthesis of ideas. The

recommendations of the Synthesis Group will be presented to the NASA Administrator and

the National Space Council. From this process, a number of alternative mission paths will

emerge for detailed study over the next few years. In addition, the process is expected to

yield innovative technologies and system concepts for possible development.

GENERAL OBSERVATIONS ON THE SUBMISSIONS

Our first observation is that the submissions did not contain any new scientific laws,

principles, or wholly new areas of technology. For example, some submissions suggested

applications of high-temperature superconductivity, which five years ago could have been

considered a "new" technology. However, superconductivity was first discovered in the early

1900s, and the possibility of high-temperature superconductors was discussed soon

afterward, so it should be understood that "new" technology areas are a matter of

perspective.

However, the submissions did contain a number of old ideas that have new

implications in the context of the SEI. For example, several submissions included the
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concept of a spacecraft hovering at a libration point, a concept that has been proven by

NASA's International Sun-Earth Explorer-3, which was put into orbit around the Sun-Earth

libration point, L-1, in 1978. Libration concepts take on considerably new meaning in the

context of potential use as transportation nodes for a Mars mission. See R-4112-AF/NASA

for further discussion.

The submissions also contained ideas that had not been heretofore supported by the

submitter's organization, which may have been an industrial firm, university, or NASA itself.

This is a natural consequence of the priority planning process and resource allocation

decisions of each individual organization. Thus, many of the submitted ideas are not

completely new, but simply have not received much support heretofore.

Lastly, we observe that the submissions were sufficiently diverse to support a wide

range of SEI mission concepts and architectures.

THE SUBMISSION PROCESS

Figure 1 presents a flow diagram of the Outreach evaluation process. RAND mailed

out 10,783 submission packets, in addition to the 34,500 that were mailed out by NASA. A

total of 1697 submissions were received and were initially processed by a subcontractor firm,

KPMG Peat Marwick. Of the 1697 submissions received, 1548 were judged by Peat Marwick

to contain sufficient information for screening by RAND. The screening process selected

approximately 140 submissions for more formal analysis. The output of that analysis process

is a set of priority submissions and recommendations reported in this and several companion

Notes.

For further discussion of the sources of submissions and their management by RAND,

please see App. A.

THE SCREENING PROCESS

The screening process objectives were to:

* Assure relative insensitivity to the quantity of submissions;

• Select submissions to be analyzed at length;

* Review each submission by at least two technical experts working independently;

* Examine robustness by providing more than one ranking method;

* Maintain analytic rigor.
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45,200 packets mailed

* 10,700 by RAND
* 34,500 by NASA

Accounting firm subcontractor
Submissions received: 1697

RAND screening process

Submissions screened: 1548

RAND analysis process
Submissions analyzed: 414

RAND recommendation process
Submissions recommended: 183

NASA
Synthesis

Group

Fig. 1.1-RAND'. outreach process

The first objective of the screening process was to assure a good capability to deal with

the quantity of submissions, whatever their numbers. Therefore, we constructed a
"production line" for processing that would enable insensitivity to the quantity of

submissions.

The next task of the screening process was to decide which submissions would be

analyzed. We decided that the range and depth of our analysis would have to be a function of

(1) the resources available, (2) the perceived quality of submissions across panels, and (3) the

relative importance of topics to the overall SEI program. One obvious pair of important

panels (because of the tradeoffs between them) was the Human Support panel and

Transportation panel.

In the screening process, each submission was reviewed by at least two technical

experts working independently. We allowed for robustness by providing more than one

ranking method. A related goal was to maintain analytic rigor through the maintenance of

tracking systems to enable later analysis of our methodology.
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"Multi-attribute decision theory" was used in the screening process; that is, a group of

attributes was used to evaluate each submission. The panels chose to score their various

submissions using the same five principal attributes:

* utility

* feasibility

* safety

* innovativeness

* relative cost

Each panel tailored its own criteria for scoring an attribute according to the panel's

specific needs. For example, "safety" meant a very different thing to the Transportation

panel than it did to the Communications panel.

Attributes were independently scored by two or more reviewers on a scale of one to

five, with five being the best. Written justification for the scoring was input into the text

field in the database. We used a widely accepted Macintosh relational database, Fourth

Dimension by ACIUS, Inc., for storing and using the various information components of each

submission.

If any attribute score varied by more than one among different reviews of the same

submission, the submission was reviewed again, this time with the panel chairman

participating with each of the original reviewers. However, there was no pressure to reach

consensus.

A complete discussion of the quantitative means by which panels used their attribute

criteria to rank and evaluate submissions is provided in App. A. The specific criteria used by

the Automation and Robotics panel in assigning attribute scores are also discussed in App. A.

THE ANALYSIS PROCESS

The object of the analysis process was to select the submissions to be recommended for

further consideration by the Outreach Synthesis group. Where possible, we analyzed the

submissions quantitatively within the context of the important performance tradeoffs in their

respective technical areas.

Each panel prepared a draft paper on the results of its analysis in its area of technical

responsibility. Each draft paper is organized into technical discussions of the important

technical sub-areas identified by that panel. Where possible, important performance

tradeoffs in each sub-area are examined quantitatively.
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Submissions that arrived with no backup paper-no detailed substantiating

information or documentation-were analyzed in the context of the technical discussions of

the appropriate sub-areas, thus providing necessary background. The majority of

submissions did not, in fact, include backup papers, making an extended analytical

discussion almost mandatory in most cases.

SCOPE OF THE AUTOMATION AND ROBOTICS PANEL
Project Outreach submissions that explicitly proposed the use or development of

robots, automated systems, or robot control systems to accomplish SEI mission objectives

were evaluated by the Automation and Robotics (A&R) panel. Submissions that proposed the

use or development of specific technologies such as robotic or automated subsystems

(Artificial Intelligence (AI), for example) were also evaluated by the A&R panel. Because

A&R subsystems were evaluated, some overlap exists between the scope of the A&R panel

and other panels of Project Outreach (for example, the Information Processing panel). Some

overlap with the other panels is inevitable in the A&R area because robotics is a

multidisciplinary field in which computer hardware, sensors, controllers, motors, displays,

and advanced software products all play a key role.

STRUCTURE OF THE NOTE
Section II provides background on potential SEI robotics tasks and presents a robot

classification scheme. The essential characteristics of robot work environments are also

described.

Section III contains our discussion of the submissions. Submissions are grouped into

several broad technical categories and themes to enable a coherent comparative discussion.

In each category, a theme or set of themes is elaborated, to place each of the submissions in a

common context. Section IV presents our conclusions. App. A describes the specific criteria

we used in scoring submissions; App. B provides a list of all submissions reviewed by the

Automation and Robotics panel.
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II. CLASSIFICATION OF ROBOTIC TASKS AND ROBOTS

The use of manpower is extremely constrained in earth orbit and beyond, and will

likely remain so for the foreseeable future. It is inefficient and potentially dangerous for an

astronaut to work outside the cabin of a spacecraft or station. Inefficiencies arise from the

restrictions imposed by the space suit, the necessity for lengthy preparation and desuiting,

suit maintenance and repair, use of astronaut pairs (the buddy system), and the requirement

for an on-board astronaut to continuously monitor the pair working outside.

Cosmonaut extra vehicular activity (EVA) experience has led the Soviets to start

developing robots for construction and repair in space. During a recent MIR mission in

which cosmonauts performed EVA, an air-lock hatch proved balky, and the cosmonauts

almost lost their lives. Soviet experience has been that after three to four hours of EVA the

cosynonaut is exhausted and cannot do useful work for a significant period of time

afterwards.
1

Even inside a space facility, manpower is in short supply due to small crew size, the

need for sleep, and the pursuit of other duties. In additicn, in low earth orbit (LEO) or on the

lunar surface, an astronaut working outside may be exposed to hazardous high-speed debris,

cosmic rays, and solar radiation. It would be advantageous for any task that must be

performed outside inflight spacecraft, or at lunar and Martian bases, to be performed by

robots rather than humans. The types of tasks that robots can perform will steadily increase

as robotics technologies advance and the work situations are designed to accommodate

robots. In this section, we discuss potential SEI robotic tasks and develop a robot

classification scheme and definitions of structured and unstructured work environments.

POTENTIAL SEI ROBOTIC TASKS

Potential SEI robotic tasks fall into two main areas: (1) operations in space, and

(2) operations on the lunar and Martian surfaces. We discuss each below.

Operations In Space

The first major construction task attempted by humans in space will be the assembly

of Space Station Freedom (SSF). SSF construction is scheduled to take place over many

years in the latter half of this decade. In its earliest design phases, SSF was to be assembled

1 Meeting of RAND Project Outreach panel leaders with Victor M. Surikov, Deputy Director,
Central Research Institute of General Machinery, U.S.S.R., November 6, 1990.
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completely by EVA astronauts. However, as the complexity of the assembly operation

became more apparent, it became clear that too many astronaut hours would be required to

perform this task with humans alone. The United States Congress mandated development of

a robot, the Flight Telerobotic Servicer (FTS), as part of the Space Station Freedom program

[Refs. 1, 16, 171. This mandate was motivated by the desire to accelerate the technology for

future industrial benefits. The FTS would have fortuitously enabled NASA to reduce the

EVA demand for SSF assembly if this robot had not been removed from the SSF program

[Ref. 43]. The billion-dollar program is now well under way. In addition, both Germany and

Japan are developing FTS-like robots for use on SSF.

Many SSF assembly tasks could be performed by robots. Robots can assemble truss

structures and secure habitats to other modules and to the central keel trusses of the space

station. Solar arrays and other systems which can only be assembled or connected to other

systems in space could also be handled by robots.

Robots equipped with video cameras or other sensors could hIso monitor the exterior

and interior of SSF once assembly is complete. Video taken by EVA robots could be fed

directly into habitat or laboratory modules of the statiun or via communications relays to

NASA ground stations where people can safely monitor the status of SSF.

More advanced robots may be able to independently monitor the status of certain SSF

subsystems. If a defective subsystem or module were detected during routine monitoring,

the robot could then advise personnel in SSF or on Earth. Again, depending upon the

capabilities of the robot, it could independently carry out repair or replacement operations.

In many of the reference architectures described in the NASA 90 Day Study [Ref. 181,

the SSF plays a key role as an assembly and transportation hub; thus the robotic tasks

described above could also be important components of SEI operations in space. In addition,

LTVs, MTVs, and their cargo would be assembled, integrated, and tested at SSF or other

space facilities. While LTVs may be brought to LEO in one piece, or may travel directly to

low lunar orbit, robots may be required to service LTVs found to have problems after launch

or after returning from the Moon.

Robot space probes will continue to be used in the exploration of space, and several

remote sensing satellite systems are part of the reference architectures described in the

NASA 90 Day Study. The Lunar Observer system will image and map large parts of the

lunar surface and will help to enlarge the database on the Moon's geology, resources, and its

historical part in the evolution of our solar system. The Mars Observer robot spacecraft will

perform a similar mission. As SEI architectures are refined and further developed, more

highly capable robot probes may be employed to characterize the surface and atmospheres of


